investigated yet, a recent study reported that tissue-specific deletion of Irf6 led to salivary gland dysfunction (Tamasas and Cox 2017) . Moreover, pathologic studies of patients with Van der Woude syndrome reported ectopic hyperplasia in minor salivary glands (Oberoi and Vargervik 2005; Ziai et al. 2005; Souto 2008 ). IRF6 is a transcription factor that acts as a tumor suppressor and regulates cell cycle exit, differentiation of ectodermal tissues, and stimulation of interferons (Taniguchi et al. 2001; Ingraham et al. 2006; Moretti et al. 2010) . Mutations in IRF6 cause 2 syndromic forms of orofacial clefting, Van der Woude syndrome and popliteal pterygium syndrome (Zucchero et al. 2004; Rahimov et al. 2008) , and increase the risk for the common form of cleft lip and palate (Kondo et al. 2002; Vieira 2008; Fakhouri et al. 2014 ). While it is currently unknown if patients with Van der Woude syndrome and popliteal pterygium syndrome suffer from salivary gland disorders, some reports indicated that patients with cleft lip and palate exhibit very serious dental caries (Lam et al. 2010; Blackburn et al. 2012; Antonarakis et al. 2013) . Consistent with these findings, knockout of Irf6 in oral epithelium causes a reduction in saliva production, an increase in mucus acidity, and dysplasia of the salivary gland, and these mice showed severe dental caries when placed on a high-sugar diet (Tamasas and Cox 2017) . Interestingly, the minor salivary glands in patients with Van der Woude syndrome with lip pits could have nonspecific chronic inflammation with hyperplasia of epithelium (Dahllöf et al. 1989; Dissemond et al. 2004) .
In mice, the Irf6-null phenotype includes skin, limb, and craniofacial abnormalities at birth (Ingraham et al. 2006) , which is consistent with the spatiotemporal expression of Irf6 in the ectoderm of the facial processes and in the oral epithelium (Knight et al. 2006; Letra et al. 2012) . Salivary glands are also derived from the ectoderm (Rothova et al. 2012) , which is consistent with a recent finding that Irf6 is important for the salivary gland (Tamasas and Cox 2017) . The expression of IRF6 is closely tied with P63 in ectoderm, which positively drives its expression (Moretti et al. 2010; Fakhouri et al. 2014) . p63 is necessary for the development of ectodermal structures, including salivary glands, while Irf6 is essential for differentiation of stratified ectoderm and oral epithelium (Yang et al. 1999; Thomason et al. 2010) . A previous study showed that the expression of IRF6 in oral and nasal epithelia was significantly reduced in p63-null mice at embryonic day 13.5, suggesting that p63 is a positive regulator of Irf6 expression (Moretti et al. 2010) . In Sjogren's syndrome, an immune system disorder characterized by xerostomia and dry eyes, patients exhibit shortened telomere length, associated with decreased expression of p63 as compared with non-Sjogren's patients (Kawashima et al. 2011) . Hence, the P63-IRF6 relationship merits further investigation in other organs where both factors are coexpressed (e.g., exocrine glands).
In this study, we examined the role of Irf6 in exocrine gland development, particularly in salivary glands and the pancreas. We studied the spatiotemporal expression pattern during embryonic development, characterized the pathology in Irf6-null salivary glands, and performed transcriptome analysis to identify significantly altered gene expression due to loss of Irf6. We also validated the expression of differentially expressed genes from RNA-Seq data and measured the level of candidate and marker genes at the RNA and protein level. We examined the role of Irf6 in the pancreas, an analogous exocrine gland that expresses Irf6 during development and also shares a exocrine structure similar to the salivary gland. Collectively, the data of this study show that Irf6 is critical for proper development of salivary glands and the pancreas.
Materials and Methods

Mice Handling and Generation of Irf6-Null Embryos
Animal use procedures were approved by the Animal Welfare Committee (AWC-13-055) at the University of Texas Health Science Center at Houston. Generation and genotyping of murine embryos and pups that are null for Irf6 were carried out as previously described (Ingraham et al. 2006) . The age of the embryos at the desired time points in development was determined according to the presence of the copulation plug (deemed 0.5 days post coitum). Transgenic IRF6-lacZ mice were handled as previously described ).
Immunohistochemistry and Immunofluorescent Staining
Immunostaining was used to qualitatively determine the protein expression in the Irf6-null mutant salivary gland tissues as compared with wild-type (WT) tissues. Immunohistochemical (IHC) staining was performed for embryos at embryonic day 17.5 (E17.5) with ΔN-P63 (Ab735) and MIST1 (GTX31558; GeneTex) antibodies.
RNA-Seq of Irf6-Null Salivary Gland Tissues
RNA-Seq analysis was conducted on 2 male biological replicates of Irf6-null (Irf6 -/-) and 2 WT (Irf6 +/+ ) salivary glands at E14.5 to identify differentially expressed genes. The full transcriptome data sets are deposited on GEO (accession GSE102020). A subset of genes was validated on different null and WT embryos at E14.5 with quantitative real-time polymerase chain reaction (see Appendix for methods).
Bioinformatic Analysis of RNA-Seq Data
Bioinformatic analysis was performed on 168 differentially expressed genes determined by RNA-Seq analysis to identify regulatory pathways that are dependent on IRF6 expression. The online tool DAVID (Database for Annotation, Visualization and Integrated Discovery) was used to determine the gene ontology of these expressed genes so that the potential function and impact of these genes can be described across different species.
Statistical Analysis
We performed multivariate analysis of variance for the normalized expression data to determine the significance of any difference among the mean values of different genes in WT versus Irf6-null mouse tissues. We used 5 technical replicates for each biological treatment. A P value <0.05 was considered statistically significant.
Results
Expression of IRF6 during Salivary Gland Development
lacZ reporter gene expression driven by the IRF6 enhancer element, observed with beta-galactosidase (ßgal) staining, was noticeably different in the transgenic WT mice as compared with the same congenic background as Irf6-null alleles. For WT and Irf6-null mice, a strong ßgal staining was observed in salivary glands throughout embryonic development, including the submandibular and sublingual salivary glands ( Fig. 1) . At E14.5, ßgal staining of salivary gland tissues in Irf6-null murine embryos was similar to the staining in WT but was absent in the skin of Irf6-null mice while lightly visible in WT mice (Fig. 1A , B series). Coronal and transverse cryosections showed ßgal staining in acinar cells and ductal orifices of submandibular and sublingual glands (Fig. 1C, D series) . At postnatal day 0 (P0), ßgal staining in salivary glands appeared similar between WT and Irf6-null pups. However, the skin of Irf6-null newborn pups was stained very dark with ßgal but was only lightly stained in WT pups (Fig. 1E, F series) . Macroscopic images of dissected salivary glands at P0 showed morphologic changes in the structure and shape of Irf6-null mice as compared with WT ( Fig. 1G , H series). Endogenous expression of IRF6 was confirmed and showed a wide expression in salivary glands, including ductal and acinar cells (Fig. 1I , J).
Disruption of Branching Morphogenesis and Differentiation of Mucous Acini in Irf6-Null Salivary Glands
Histological studies of salivary gland sections with different staining methods were used to visualize the cell structure and organization. No difference between the WT and mutant was observed at E13.5 (data not shown). However, morphologic differences became more prominent at E15.5 ( Fig. 2A -D series). We observed disruption of the lumen morphology at E15.5 (Fig. 2D series) . In the salivary gland tissues of WT mice, acinar cells were differentiated into distinct serous and mucous types, where sublingual gland is composed only of mucous acini at E17.5 (Fig. 2E , G series). However, in the salivary gland tissues of the Irf6-null mutants, no SLGs were distinguishable ( Fig. 2F , H series). In hematoxylin and eosin as well as the alcian blue and nuclear fast red staining, mucous acini appear to be lacking in the mutant (Fig. 3B , D series) versus WT salivary glands (Fig. 3A , C series). Alcian blue and periodic acid-Schiff staining confirmed a marked decrease in acidic mucins in Irf6-null embryos (Fig. 3F series) versus WT (Fig. 3E series) . Furthermore, the acinar cells in Irf6-mutant salivary glands were disorganized and with a larger interstitial space ( Fig. 2 F′, H′) . These results were also supported in our salivary gland explant experiments. Salivary glands were extracted from WT and Irf6-null embryos at E13.5 and cultured for 4 d (Fig. 2I , J series). The branching of end buds was disrupted in mutant explants, and their number was reduced 2 and 4 d postincubation due to potential bud adhesion (Fig. 2J′ , J′′), which is consistent with the histologic analysis. The number of end buds was significantly decreased in mutant versus WT littermate explants (Fig. 2K) .
Abnormal Acini and Disruption of MIST1 in Irf6-Null Pancreas
We performed IHC to determine if Irf6 is expressed in the pancreas. IHC staining confirmed that IRF6 is expressed in acinar cells of the pancreas (Fig. 3G, G′ ). In addition, we conducted histologic studies in Irf6-null pancreas at different time points. No phenotype was observed at E15.5 and E17.5 (Appendix Fig.  2A -D series). The phenotype was obvious at P0; the acinar cells had incomplete clefts, and multiple acini were clustered in a rosette-like structure as compared with WT (Fig. 3H, I series) . In Irf6-null pancreatic tissues, a wide interstitial space was also observed at P0 (Fig. 3I, I′) . We also performed IHC for the acinar differentiation factor MIST1 at E17.5. The level of MIST1 expression was elevated in the cytosol and nucleus of Irf6-null mutant as compared with WT (Appendix Fig. 1E, F) .
Increase Proliferation Level in Irf6-Null Salivary Glands and Elevated Expression of P63 and MIST1
The expression of P63 was observed in the basal layer of skin in WT embryos (Fig. 4A, A′) , while multiple layers of the epidermis in Irf6-null embryo showed P63 expression (Fig. 4B , B′), consistent with previous reports (Ingraham et al. 2006; Thomason et al. 2010) . In salivary glands, expression was detected in some acinar and ductal cells (Fig. 4C, C′) . However, expression of P63 was noticeably increased in most acinar and ductal cells of Irf6-null sections (Fig. 4D, D′) . The level of proliferation in salivary glands was detected with the BrdUstained nuclei. While a good number of acinar and ductal cells were labeled in WT at E15.5 (Fig. 4E series) , a significantly larger number of BrdU-labeled cells were seen in mutants (Fig.  4F series, K) . Immunofluorescent staining for activated caspase 3 (Casp3) and P63 was detected in ductal and acinar cells in WT and appeared to show a difference in staining pattern from the mutant at E15.5 (Fig. 4G, H) . At E17.5, the expression of P63 was detected in most ductal cells and less in acinar cells, while Casp3 was more expressed in acinar cells (Fig. 4I) . Immunofluorescent staining of P63 and Casp3 was unspecific in mutants despite the large effort of modifications and optimization (Fig. 4J) . Expression of differentiation factor MIST1 was investigated in acinar cells at E17.5. In WT tissues, expression of MIST1 was localized to the apical region of acini and in the nucleus of some acinar cells, while the expression in Irf6-null tissues was pronounced in the nucleus and cytosol of acinar cells (Appendix Fig. 2C, D series) . D, F, H series) and ex vivo culture of salivary gland explants. At embryonic day 15.5 (E15.5), histologic staining shows round ductal cells with a single circular lumen per duct (A, C series; black arrow). In comparison, the staining in Irf6-null glands shows significant ductal cell disorganization and disruption of ductal lumens (arrow in D′). At E17.5, the serous and mucous acini are detected in WT gland (black arrow in E′; E, G series), while the mucous acini (black arrow) cannot be distinguished in Irf6-null salivary glands and the interstitial spaces among the acini are wider when compared with WT (F, H series; black arrow in H′). In salivary gland explants, the sublingual gland (SLG) and submandibular gland (SMG) are formed in the WT and Irf6-null littermates at E13.5 (I, J). Explants show branched SLG and SMG after 2 d (I′, black arrow) and a remarkable number of end buds (black arrow) and branching by day 4 (I′′) of cultivation. In Irf6-null explants, the end buds of SLG and SMG seem fused by day 2 (J′, arrow) of incubation, and by day 4, many end buds appear to be coalesced or not separated (J′′, arrow). The number of end buds was counted 4 d post-incubation in 3 biological replicates, and it is significantly decreased in Irf6-null embryos (MT) versus WT littermates (WT; K). The values are the mean number of end buds, and the bars represent the standard deviation. Asterisk represents statistical significance of WT versus Irf6-null samples, P < 0.05. Scale bars are 150 μm. . Histologic studies to detect phenotypic abnormality in Irf6-null salivary gland and pancreas. Hematoxylin and eosin (H&E) staining (A, B series), alcian blue and nuclear fast red staining (C, D series), and alcian blue and periodic acid-Schiff staining (E, F series) were performed on submandibular gland (SMG) and sublingual gland (SLG) of wild-type (WT) and Irf6-null tissues at postnatal day 0 (P0). Expression of IRF6 (G series) is detected by IHC in pancreas, and H&E staining (H, I series) was performed in WT and Irf6-null pancreatic sections. H&E staining visualizes the SMG and SLG of the salivary gland in WT where SLG is recognized by the whitish cytosol of mucous acini (mc). Ducts and serous acini appear compact with single organized lumen (A′′-A′′′), while the ductal and acinar cells are disorganized in the mutant and SLG is not distinguished (B-B′′′). Alcian blue and nuclear fast red staining shows a remarkable reduction in mucin and mucous cell (mc) formation (blue-stained cells) in Irf6-null SLG and SMG (D, D′) versus WT (C, C′). Alcian blue and periodic acid-Schiff staining of SMG and SLG in WT differentiates glycoprotein substances as purple, acidic mucins as blue, neutral mucins as magenta, mixed mucous as bluish purple, and nuclei as dark blue (D, D′). Staining shows a decrease in acidic mucins in Irf6-null SMG and SLG (F, F′). IRF6 is expressed in pancreas in cytosol of acinar cells at embryonic day (E17.5; G, G′). H&E staining showed abnormal morphology, disorganized acinar cells (black arrow in I′), and wide interstitial spaces among acini in Irf6-null pancreas at P0 (I, I′) as compared with WT littermates (H, H′, black arrow). Scale bars are 150 μm. P63 expression was detected in the basal layer of stratified ectoderm (black arrow) in WT at embryonic day 17.5 (E17.5; A, A′), while the expression of P63 was expanded to external layers of ectoderm-namely, the spinous layer (black arrow) above the basal layer of keratinocytes (B, B′). In submandibular salivary glands, P63 was observed in the nucleus of acinar (black arrow) and ductal cells in WT (C, C′), while the expression level was increased in most of the cells (black arrow) of Irf6-null submandibular glands (D, D′). To determine proliferation level, replicated DNA in proliferative cells was labeled with BrdU, which showed even distribution of labeled green acinar and ductal cells in submandibular WT (E, E′) and Irf6-null (F, F′) salivary glands. Immunofluorescent staining was performed to determine the level of apoptotic cells based on the activated caspase 3 (Casp3) marker in WT and Irf6-null (MT) submandibular glands. In WT, P63 is expressed in the nucleus of acinar and ductal cells similar to immunohistochemistry, while Casp3 is localized to some ductal or acinar cells (G, white arrow). The expression pattern of Casp3 and P63 did not relatively change in Irf6-null at E15.5 (H, white arrow). At E17.5, expression of P63 was prominent in the ductal cells, while Casp3 is observed in more in acinar cells (I). Expression of both proteins is not detected in Irf6-null salivary glands due to probably disrupted cellular structure (J). Labeled cells with BrdU of the entire area of 20× images were counted with plug-ins of ImageJ program (K). The number of proliferative cells is significantly increased in Irf6-null embryos as compared with WT littermates at E15.5. CASP3 is shown in red, P63 in green, and DAPI in blue. The values are the mean number of stained cells with BrdU, and the bars represent the standard deviation. Asterisk represents statistical significance of Irf6-null versus WT samples, P < 0.05. Scale bars are 100 μm. 
Differentially Expressed Genes and RNA-Seq Analysis
We measured the expression of cell-type markers and apoptotic factors in salivary glands. At the RNA level, markers for endothelial (CD31), ductal (K7), and progenitor (K5) cells were significantly reduced in Irf6-null tissues versus WT littermates (Fig. 5A) . Immunoblot analysis showed that the expression of P53 protein was increased in Irf6-null salivary tissues as compared with Irf6-heterozygous and WT littermates at P0 (Fig.  5B ). To identify differentially altered genes in an unbiased approach, RNA-Seq analysis showed that a total of 168 genes were differentially expressed in the Irf6-null mouse as compared with the WT with a false discovery rate <0.05 (Fig. 5C) . The top 19 differentially expressed genes clustered closer in the dendrogram of the heat map tended to be over-or downexpressed in a similar manner within and across the different tissue samples (Fig. 5C ). Eight genes were validated by reverse transcription quantitative real-time polymerase chain reaction, and 6 showed significant variation as compared with WT (Fig.  5D ). There were probably global differences in the transcriptome of the 2 mutant embryos, although all embryos were male according to Appendix Table 2 . The high degree of variability might reduce the number of genes that were differentially expressed as compared with WT samples (Appendix Fig. 3) . The gene ontology tool DAVID was utilized to group the differentially expressed genes on the basis of their cellular functions. The data resulted in 7 groups with significant P values (Appendix Table 1 ). While most of these categories cover functions general to transcription factors, transmembrane transporter activity and EGF signaling pathway were most notable because they are involved in branching morphogenesis and differentiation of acinar cells. To identify enriched regulatory pathways, Ingenuity Pathway analysis was applied to all 168 differentially expressed genes and showed the genes with known function and their cellular localization and connectivity at gene-gene and protein-protein interactions (Fig. 5E ).
Discussion
The purpose of this study is to determine the role of Irf6 during development of salivary glands and the pancreas and to characterize the pathophysiology in Irf6-null tissues. While nothing is known about the function of Irf6 in early exocrine gland development, our data showed that loss of Irf6 expression led to morphologic abnormality and disrupting of expression of proliferation and differentiation markers in salivary glands and the pancreas during embryogenesis. This observation is consistent with a recent study showing that Irf6 is important for salivary gland maturation and saliva production (Tamasas and Cox 2017) . The spatiotemporal expression of LacZ driven by IRF6 human enhancer recapitulates the endogenous expression of IRF6 protein, confirming the importance of this enhancer element in driving IRF6 expression in salivary glands. This observation is important because DNA mutations that disrupt the function of this element may lead to reduction in IRF6 expression during salivary gland formation. We reported that patients with Van der Woude carry damaging mutations in this enhancer element, which may explain the high incidence of dental caries in patients with cleft and palate (Dahllöf et al. 1989; Lam et al. 2010; Blackburn et al. 2012; Fakhouri et al. 2014) . These data are also consistent with a recent study showing that Irf6 plays an important role in dental health and saliva production (Tamasas and Cox 2017) .
To understand the importance of Irf6 in salivary gland formation, we performed histologic analysis in Irf6-null tissues to characterize morphologic changes and alteration in the structure, cell organization, and anatomy. Our data showed that lack of Irf6 led to abnormality in branching morphogenesis and cellular structure. In particular, hematoxylin and eosin staining showed obvious changes in cell types and organization. Mucous acinar cells were mostly lacking and appeared to be poorly differentiated in Irf6-null mice in submandibular and sublingual salivary glands. In WT salivary glands, the serous and mucous acinar cells were distinguishable at the E17.5 developmental stage. Furthermore, Irf6-null salivary glands lacked proper organization of the lobular structure, and the distinction of sublingual gland was difficult due to the lack of mucous acini. The phenotype in salivary glands is, to some extent, similar to skin abnormality where the last 2 layers of stratified ectoderm (the stratum corneum and stratum granulosum) were missing (Ingraham et al. 2006; Thomason et al. 2010) .
We studied the expression of P63 and MIST1 in our system due to their critical role in acinar proliferation and differentiation, respectively (Botti et al. 2011; Aure et al. 2015) . P63 is present in all early stages of salivary gland morphogenesis, starting from placode initiation to acinar formation. Loss of p63 expression leads to a complete lack of salivary gland formation (Ianez et al. 2010 ). The expression of transcription factors IRF6 and deltaN-P63 are closely regulated in single-layer and stratified epithelium ). While Irf6 is transcriptionally activated by P63, IRF6 also induces P63 proteasome-mediated degradation in human keratinocytes (Botti et al. 2011) . Our immunofluorescent data showed that IRF6 was located in the cytosol of ductal and acinar cells, while ΔN-P63 was localized in the nucleus of these cell types at E15.5. Interestingly, P63 level was increased in mutant embryos according to our IHC staining. Because ΔN-P63 is a proliferative factor, this could explain the increased level of proliferation at E15.5. Noteworthy, we observed an increase in MIST1 expression in the acinar cells of salivary glands and the pancreas of Irf6-null samples. Regulation of MIST1 expression is critical for proper acinar differentiation, and our mutant tissues showed disruption of mucous acinar cell formation (Hess et al. 2016) . Regulation of p53 transcription is IRF6 independent. However, loss of the IRF6 protein leads to accumulation of P53 protein at P0 due to either an increase of p53 protein stability or a decrease of degradation. This increase may explain the reduction in branching morphogenesis and the lack of mucous acini at later stages in Irf6-null salivary glands.
When we performed temporal analysis to determine the earliest time point where a change in phenotype can be detected, we found that E15.5 was the earliest time point with obvious abnormalities. Hence, we performed RNA-Seq analysis on Irf6-null and WT salivary gland tissues at E14.5. The data yielded 168 statistically differentially expressed genes with a false discovery rate <0.05. The resulting enriched gene ontology terms are associated with transmembrane transporter activity, splicesome, transcriptional regulation, and signaling pathways. Altered mRNA expression of genes involved in transmembrane transporter activity and MIST1 protein due to loss of IRF6 is interesting because it suggests that Irf6 is involved in regulating Mist1 expression that is critical for cell polarity, vesicle formation, transportation, and exocytosis. Gene ontology analysis also suggested that Irf6 regulates expression of genes involved in EGF pathway.
Preliminary exploration of the Irf6 role in pancreas development was also conducted due to the morphologic and physiologic similarities of ductal and acinar cells to those in the salivary glands (Streckfus 2015) . In Irf6-null pancreas, histologic analysis showed that the acinar cells are disorganized and have a rosette-like structure with a larger spatial separation among acini as compared with their WT littermates. Interestingly, these histologic changes are to some extent similar to those that we found in Irf6-null salivary gland tissues at birth. Exploring IRF6-dependent pathways that regulate cell fate and polarity in oral epithelium and salivary gland may assist in identifying patients who are at high risk to develop long-term and severe xerostomia (Vissink et al. 2003; Konings et al. 2005; Vissink et al. 2015) .
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